silencing. The functions of these genes in organogenesis remain largely unknown. Here, we analyzed the phenotypes of cardiomyocyte specific GLP knockout and G9a knockdown (GLP-KO/G9a-KD) mice. The H3-K9 di-methylation level decreased markedly in the nuclei of the cardiomyocytes of GLP-KO/G9a-KD mice, but not single G9a or GLP knockout mice. In addition, GLP-KO/G9a-KD mice showed neonatal lethality and severe cardiac defects (atrioventricular septal defects, AVSD). We also showed that hypoplasia in the atrioventricular cushion, which is a main part of the atrioventricular septum, caused AVSD. Expression analysis revealed downregulation of 2 AVSD related genes and upregulation of several non-cardiac specific genes in the hearts of GLP-KO/G9a-KD mice. These data indicate that G9a and GLP are required for sufficient H3-K9 di-methylation in cardiomyocytes and regulation of expression levels in multiple genes. Moreover, our findings show that G9a and GLP have an essential role in normal morphogenesis of the atrioventricular septum through regulation of the size of the atrioventricular cushion.
Introduction
Covalent modifications of histone tails, such as methylation, acetylation and phosphorylation, have important roles in regulating chromatin dynamics (Jenuwein and Allis, 2001; Strahl and Allis, 2000; Turner, 2000; Turner, 2007 formation and X-chromosome inactivation (Lachner and Jenuwein, 2002; Lachner et al., 2003; Martin and Zhang, 2005) . The effects of methylation are dependent on the particular lysine residue. For example, methylation of H3-K4 and H3-K9 is linked to transcriptional activation and repression, respectively. G9a and GLP are known as major H3-K9 mono-and dimethyltransferases and contribute to transcriptional silencing (Shinkai and Tachibana, 2011) . The two genes play critical biological roles in various cells and tissues. For example, G9a and GLP are indispensable for mouse early development. G9a or GLP knockout mice showed embryonic lethality around embryonic day 9.5 (E9.5) due to severe growth defects (Tachibana et al., 2002; Tachibana et al., 2005) . Germ line-specific G9a knockout mice also showed developmental defects in germ cells, and completion of meiosis was not observed in either sex (Tachibana et al., 2007) . In postnatal and forebrain neuron-specific G9a or GLP knockout mice, multiple nonadult neuronal or non-neuronal genes are derepressed in the forebrain. Although there are no obvious neuronal developmental or architectural defects, these mice show various abnormal phenotypes, especially defects in cognition and adaptive behaviors (Schaefer et al., 2009 ). These results suggest that G9a and GLP have vital roles in other tissues. The aim of the present study was to determine the functions in cardiac development.
The heart develops from cells in the first and second heart fields (Vincent et al., 2010) , and many events, such as tube formation, looping, chamber formation, septation, and valve formation are required for normal morphogenesis of this complicated and minute organ. In addition to morphogenesis, cell differentiation and proliferation are also required to support embryonic life by pumping blood and enlargement of the heart, respectively. Epigenetic control including histone methylation might be very important for cardiac development or the maintenance of cardiac functions. For example, it can be expected that epigenetic control regulates gene expression whose activation or repression is required for cell differentiation, proliferation, migration or cell death during cardiogenesis. In addition, the maintenance of gene expression levels (activation or silencing) is required for the maintenance of cell differentiation, cell functions, or cell cycle arrest of cardiomyocytes for long periods. It is possible that epigenetic modification regulates the maintenance of the gene expression levels. Therefore, the roles of G9a and GLP in cardiac development are very interesting, however, they remain largely unknown. In G9a or GLP conventional knockout experiments, development of these knockout embryos was arrested at 4-6 somite stages, and no tissue (including the heart)-specific abnormalities were observed (Tachibana et al., 2002; Tachibana et al., 2005) .
In order to clarify the roles of G9a and GLP in cardiac development, we used the Cre-loxP recombination system, and generated mice in which GLP were absent and G9a expression was markedly decreased in cardiomyocytes. These mice showed abnormal cardiac morphogenesis including atrioventricular septal defects (AVSD). The analysis revealed an essential but indirect function of G9a and GLP in cardiomyocytes for atrioventricular septum formation.
Results

Methylase activity of GLP is dispensable for cardiogenesis
We first analyzed the functions of GLP in cardiogenesis. GLP is essential for an adequate level of G9a protein at least in ES and NIH3T3 cells through binding to G9a with the SET domain (Shirato et al., 2009; Tachibana et al., 2005) . Therefore, GLP methylase activity-deficient mice were generated by knock-in experiments in order to investigate the functions of only GLP. A floxed mutant GLP allele (GLP CA ) has DNA sequence coding a mutant SET-domain (C1201A), and is flanked by loxP sites (Fig. 1) . The GLP protein containing the mutant ) which encodes methyltransferase-dead SET-domain (C1201A, asterisk) was generated by gene targeting. A GLP delta allele which lacks SETdomain can be generated with Cre recombinase.
SET-domain (C1201A) showed no enzymatic activity, but still can form heterodimeric complex with G9a (Tachibana et al., 2008) . Therefore, the homozygous mice (GLP CA/CA , designated as GLP SET-KO ) were expected to have G9a but not GLP functions (Tachibana et al., 2008) . Interestingly, GLP SET-KO mice are viable and fertile. No apparent abnormalities were observed in the heart morphology or H3-K9me2 level ( Fig. 2A) , although G9a and GLP protein levels decreased slightly (Fig. 2B, Supplementary Fig. 1 and Tachibana et al, unpublished data) . These data showed that methylase activity of GLP is dispensable for embryogenesis including cardiogenesis.
Loss of function of G9a and GLP causes neonatal lethality and affects H3-K9 methylation in cardiomyocytes
Next, we examined the effects of cardiomyocyte specific loss of function of both G9a and GLP on cardiac development. It was reported that deletion of the GLP SET domain caused a marked decrease in G9a protein (Shirato et al., 2009; Tachibana et al., 2005) . Because conventional deletion of GLP resulted in early embryonic lethality (Tachibana et al., 2005) , we planned to delete the GLP SET domain only in cardiomyocytes by using a Cre-loxP system (Fig. 1 (Table 2 ). In addition, GLP NK-delta pups were observed at E18.5 after a caesarean section, suggesting that almost all GLP NK-delta mice died just after birth.
We next examined levels of GLP, G9a and H3K9me2 at E14.5 by immunofluorescence staining ( Fig. 2A) and at E16.5 by Western blotting (Fig. 2B) . Deficiency of GLP, and markedly decreased levels of G9a and H3K9me2 were observed only in cardiomyocytes (sarcomeric actin positive), but not in other cells such as endocardial cells of GLP NK-delta mice (c, g, k in Fig. 2A , arrowheads; for GLP expression in low power views, Supplementary Fig. 6 ), explaining these faint signals in the Western blotting analysis ( Fig. 2B and Supplementary Fig. 1 ). These results demonstrated cardiomyocyte specific loss of function of bothG9a and GLP (knockout of GLP and knockdown of G9a, GLP-KO/G9a-KD) was performed successfully. Thus, loss of function of G9a and GLP caused neonatal lethality and affected H3-K9 di-methylation in cardiomyocytes.
2.3.
G9a and GLP are necessary for the atrioventricular septum development
We analyzed the hearts of E18.5 GLP NK-delta embryos histologically. We found abnormal structure in the atrioventricular septum (AVS) of GLP NK-delta embryos, showing atrioventricular septal defects (a deficiency in AVS, AVSD) ( Fig. 3h and m, arrows). Three-dimensional views constructed from sections clearly showed small ( Fig. 3i and j, arrows) or large defects ( Fig. 3n and o, arrows) of the AVS. AVSD are commonly associated with significant abnormalities of the atrioventricular valves and ventricular septum defect (VSD). There are two leaflets of the mitral valve (anterior and posterior leaflets) in normal mice. The anterior leaflet of the mitral valve (AMV) in one GLP NK-delta mouse had an apparent cleft ( Fig. 3h -j, arrowheads). The two leaflets could not be recognized in another GLP NK-delta mouse ( Fig. 3m and n, MV). Both mice lacked the septal leaflet of the tricuspid valve (STV) ( Fig. 3h and m, compare with c). All GLP NK-delta mice represented VSD at the ventral side ( Fig. 3f and k, asterisks). No similar abnormalities were observed in control littermates. In general, AVSD cause mixing between venous blood in the right side of the heart and arterial blood in the left side, and backflow from ventricles to atria. If the abnormalities are severe, pulmonary hypertension and heart failure occur after birth, suggesting strongly that AVSD caused neonatal lethality in GLP NK-delta mice. These results indicated that G9a and GLP are necessary for normal cardiogenesis, especially development of the atrioventricular septum.
2.4.
Hypoplasia of superior atrioventricular cushion causes AVSD The AVC is mainly composed of the superior AVC (sAVC) and inferior AVC (iAVC) at early stages and then these two AVCs fuse. We analyzed serial frontal sections around the central region of the heart at E12.5 (Supplementary Fig. 2 and 3 ). The sAVC could be observed, and IAS-I bound to the sAVC in almost all sections of the control mice ( Supplementary  Fig. 2 , s and arrowheads). In the GLP NK-delta mice, sAVC could be observed in 7 sections of the ventral side (Supplementary Fig. 3s in Sections 1-7), but not in all other sections, and IAS-I did not bind to AVC in sections in which sAVC was small or not detected ( Supplementary Fig. 3 , arrows). Measurement of the area of sAVC and iAVC in each section indicated that the area of sAVC of GLP NK-delta mice was smaller than that of control mice in all corresponding sections, however, iAVC did not show any apparent differences ( Supplementary  Fig. 4 ). Two otherGLP NK-delta mice showed similar results (data not shown). Three-dimensional views constructed from these sections clearly showed defects between IAS-I and AVC, and hypoplasia of sAVC ( Fig. 5A and Supplementary movies 1 and 2). The volume, calculated from 3 control and 3 GLP NK-delta mice, showed a significant decrease in the sAVC (50.4%), but not in the iAVC (97.6%) (Fig. 5B) . In addition, similar abnormalities were observed in GLP NK-delta mice at E13.5. sAVC was deficient and IAS-I did not bind to AVC in many sections at E13.5 (for example, Fig. 4f and h ). We also investigated the mitotic indices and cell density in the sAVC and iAVC at E12.5. Significant differences in these factors between genotypes were not observed ( Fig. 5C and D) . In addition, we performed TUNEL assay at E10.5. TUNEL positive AVC cells were very rare and no apparent differences were observed between sAVC and iAVC of GLP NK-delta mice, or between genotypes ( Supplementary   Fig. 5 ). Recent studies reported that the sensitivity to Cre-dependent recombination is variable among loci in which reporter genes are introduced, and that Cre in Nkx2-5 +/Cre mice induced the recombination of a reporter gene in GATA4 in endocardium and AVC (Ma et al., 2008) . Therefore, we examined GLP expression in AVC, and found that GLP was expressed in both sAVC and iAVC of GLP NK-delta mice ( Supplementary   Fig. 6 ), indicating that the recombination of GLP was not induced in AVC. Thus, the hypoplasia of sAVC, which resulted from an indirect effect of GLP-KO/G9a-KD, caused AVSD.
2.5.
Loss of G9a by Myh6:Cre is dispensable for cardiogenesis
The data described above showed that GLP enzyme function is dispensable for cardiogenesis, however, G9a and GLP are indispensable. The function of G9a in cardiogenesis are still unknown. Therefore, we examined the effects of loss of G9a in cardiomyocytes. Cardiomyocyte specific KO mice were produced using G9a floxed mice (Tachibana et al., 2007) and transgenic mice (Myh6:Cre) expressing Cre only in cardiomyocytes by Myh6 promoter (Agah et al., 1997) . The knockout mice (G9a flox/flox Myh6:Cre, designated as G9a MC ) were generated by mating. We did not use Nkx2-5
Cre mice as a Cre driver, because it is difficult to generate G9a flox/flox Nkx2-5 +/Cre mice. Both G9a
and Nkx2-5 loci are located closely in the same chromosome 17. G9a MC mice were born, developed, and showed no apparent abnormalities in appearance or fertility. We first examined the expression of G9a. The effects of Cre were reported as to be observed from E8.5 and reached a maximum level after E11.5 in Myh6:Cre mice (Gaussin et al., 2002) . Analysis by immunostaining revealed no signals of G9a in all cardiomyocytes examined in G9a MC mice at E14.5 (Fig. 6A) . Strong signals were detected in non-cardiomyocyte cells such as endocardial cells surrounding cardiomyocytes (Fig. 6A,  arrowheads) . G9a mRNA in the whole ventricles at E14.5, containing non-cardiomyocyte cells, was measured by quantitative RT-PCR, and the results showed significant reduction of G9a mRNA in G9a MC mice (Fig. 6B ). Western blot analysis using the whole ventricles at E16.5 showed very faint bands, probably due to expression in non-cardiomyocyte cells ( Fig. 6C and Supplementary Fig. 1 ). These results demonstrated cardiomyocyte specific inactivation of G9a was performed successfully. Next, we examined expression of GLP and H3-K9me2 in the cardiomyocytes using immunofluorescent staining and Western blot analysis. The intensity of GLP and H3-K9me2 in nuclei of some cardiomyocytes in G9a MC mice appeared to decrease compared with that of control mice (Fig. 6A , arrows). Western blot analysis revealed that the intensity of GLP protein or H3K9me2 signals decreased strongly or slightly, respectively (Fig. 6C) . These results showed that G9a is not essential for cardiogenesis, at least after E14.5. Loss of G9a resulted in only slight reductions in H3-K9me2 levels in cardiomyocytes, suggesting that robust H3-K9 di-methylation can be performed by enzymes other than G9a in cardiomyocytes. 
2.6.
Gene expression profiles in mutant mice of G9a, GLP and both G9a and GLP GLP NK-delta mice showed AVSD ( Fig. 3 and 4) due to hypoplasia of sAVC (Fig. 5) . The AVC mesenchymal cells develop from the endocardial cells, but not cardiomyocytes, through epithelial-mesenchymal transformation (EMT). Because we confirmed that the expression of GLP and G9a are affected in cardiomyocytes of GLP NK-delta mice ( Fig. 2 and Supplementary   Fig. 6 ), deficiency in AVC was caused by an indirect effect of the loss of GLP and G9a in cardiomyocytes. It is well known that cardiomyocytes contribute to AVC development including EMT through secretion of TGF, BMP and other substances (Combs and Yutzey, 2009; Kruithof et al., 2012; Lin et al., 2012) . In order to identify candidate downstream genes of G9a and GLP, which regulate AVC development or AVSD, we examined were analyzed in each lane by Western blotting analysis. Control; G9a flox/flox mice. Because the experiment was performed using the same membrane as in Fig. 2B , the result was also shown in Supplementary Fig. 1 .
mRNA expression profiles in G9a MC , GLP SET-KO and GLP NK-delta mice. Microarray analysis was performed using total RNA from whole E13.5 ventricles of these mice. We examined the expression of many genes which are reported to be involved in AVS formation or AVSD, a total of more than 100 genes (Combs and Yutzey, 2009; Kruithof et al., 2012; Lin et al., 2012) , using microarray data and qPCR. We found that expression of two genes, Pitx2 and Epha3, decreased significantly in GLP NK-delta mice (Fig. 7A) . Interestingly, KO mice of Pitx2 or Epha3 showed AVSD (Kitamura et al., 1999; Liu et al., 2002; Stephen et al., 2007) . We also examined other genes whose expression levels were changed in microarray analysis. As far as we rechecked with qPCR, expression of Tnnt1, which encodes troponin T1, decreased in GLP NK-delta mice (Fig. 7A) and GLP NK-delta mice (Fig. 7D, group 3 ) and in only GLP NK-delta mice (Fig. 7E, group 4) . Many genes were in groups 1 or 2 ( Fig. 7B and C) , showing that the number of genes whose expression is influenced by deficiency of G9a is more than those of GLP SET function. The magnitude of increases in groups 1 and 2 is higher than those of groups 3 and 4. Expression levels of all genes except Cpa4 in GLP NK-delta mice were higher than those of G9a MC or GLP SET-KO mice, suggesting synergistic effects for deficiencies in both G9a and GLP. Most interestingly, overexpression of several non-cardiac genes was observed among the genes described above. For example, Rhox5, Tcp11and nut are expressed strongly in the testis (Gawin et al., 1999; Lemmens et al., 2001) . Adamdec1 is expressed highly in the small intestine and predominantly in dendritic cells of the germinal center (Mueller et al., 1997) . Diras2 is highly expressed in the adult brain. Pax8 is expressed mainly in the kidney and thyroid (Plachov et al., 1990) .
Thus, these studies showed that G9a and GLP regulate expression of two genes involved in AVS formation positively, and expression of multiple non-cardiac specific genes negatively.
Discussion
G9a and GLP are important enzymes for H3K9 methylation and are involved in several biological events (Shinkai and Tachibana, 2011) . Our analyses showed that G9a and GLP are essential for cardiac morphogenesis and repression of multiple non-cardiac specific genes.
GLP NK-delta mice showed AVSD ( Fig. 3 and 4) . Our observation indicated that hypoplasia of sAVC causes the AVSD (Fig. 5) , suggesting the interesting possibility that the sizes of sAVC and iAVC are regulated independently. Analysis of the volume of AVC, mitotic indices and cell density suggested that the cell number in sAVC decreased, however, abnormalities in proliferation or cell death were not observed ( Fig. 5B-D, Supplementary Fig. 5 ). It is possible that EMT and/or cell migration of sAVC cells were affected. We examined the expression of genes which are reported to be involved in AVC development or AVSD, and found that expression of two genes, Pitx2 and Epha3, decreased in GLP NK-delta mice (Fig. 7A ). These KO mice showed AVSD (Kitamura et al., 1999; Liu et al., 2002; Stephen et al., 2007) . However, the detailed phenotypes are different from those of GLP NK-delta mice. The hypoplasia of AVC appeared not to be detected in Pitx2 KO mice (Kitamura et al., 1999; Miyagawa-Tomita et al, unpublished data) , and AVSD and hypoplasia of AVC in GLP NK-delta mice appeared to be more serious than those inEpha3 KO mice (Stephen et al., 2007) . In addition, another gene is necessary to link Epha3 to G9a and GLP, because Epha3 encodes a receptor tyrosine kinase which is expressed in the AVC but not cardiomyocytes (Stephen et al., 2007) . Therefore, both genes and/or other genes may be involved in AVS formation as downstream genes of G9a and GLP.
In both cases of Pitx2 and Epha3, the deregulation of their transcriptional repressor may explain their downregulation in the hearts of GLP NK-delta mice. Because Pitx2 and Epha3 are expressed in cardiomyocytes and AVC, respectively (Kitamura et al., 1999; Stephen et al., 2007) , G9a and GLP might repress the transcriptional repressor of Pitx2 directly in cardiomyocytes, and might repress that of Epha3 indirectly in normal mice. Why was sAVC but not iAVC affected in GLP NK-delta mice?
Although a decreased level of Pitx2 alone cannot explain the phenotype, the asymmetric expression pattern of Pitx2 in the atrioventricular canal is very interesting and the issue should be examined. Pitx2 is expressed in cardiomyocytes adjacent to the sAVC in the atrioventricular canal (Kitamura et al., 1999) . Most likely, asymmetric expression of Pitx2 in cardiomyocytes of the atrioventricular canal and other genes such as Epha 3 in AVC are essential for the development of sAVC with a normal size. Expression of Tnnt1, which encodes slow skeletal type of troponin T, also decreased in GLP NK-delta mice (Fig. 7A ).
Although it is unknown whether the gene is involved in AVSD, the function in cardiomyocytes can be analyzed using Tnnt1 conditional KO mice (Skarnes et al., 2011) . It is interesting that the expression of Tnnt3, which encodes fast skeletal type of troponin T, increased in the hearts of GLP NK-delta mice (Fig. 7B ). This suggests the compensation of troponin T expression, although the expression level of Tnnt2, encoding the cardiac type of troponin T, was not changed between genotypes (data not shown). Interestingly, overexpression of multiple non-cardiac genes was observed in GLP NK-delta mice ( Fig. 7B-E) . It is unknown whether the overexpression was related to AVSD, or if G9a and GLP regulate the expression directly. Moreover, the role of repression of these non-cardiac genes by G9a and GLP in normal cardiomyocytes is interesting. One possibility is that repression is necessary for cardiac function or development. However, abnormalities other than AVSD were not observed and basic cardiac functions were not severely affected because mice could survive at least till birth. Of course, it is possible that the repression is necessary for cardiac functions after birth or for cardiac development at early embryonic stages when we could not knockout G9a or GLP in this study. Overexpression of these genes in cardiomyocytes of normal mice at these stages will provide answers to this possibility. Overexpression of non-germ cell genes was observed in germ line-specific G9a knockout mice (Tachibana et al., 2007) . Similarly, many non-neuronal genes were overexpressed in brain neuron-specific G9a or GLP knockout mice (Schaefer et al., 2009) . We examined these published data to determine which genes were commonly affected among germ line, neuron and cardiomyocyte specific KO mice. Surprisingly, the expression of only one gene, Akrlc13, increased in all three cell type specific G9a KO mice. Although we found that Akrlc13 expression increased in GLP NK-delta and G9a MC embryos using microarray data, we did not verify the increase using qRT-PCR because the intensities were not high. However, a strong increase in this gene was confirmed in the heart of adult G9a MC mice using qRT-PCR (data not shown). Expression of Myl1 and neb increased in neuron and cardiomyocyte specific G9a or GLP KO mice. Expression of many other genes appeared not to be commonly affected, suggesting that genes repressed by G9a or GLP are highly variable among cell types.
It is possible that which gene expression needs to be repressed is different among cell types. We showed that GLP NK-delta but not G9a MC mice represented cardiac abnormality and prominent changes in gene expression. However, it is possible that the differences resulted from the difference in Cre mice used for each experiment. GLP NKdelta and G9a MC mice were generated using Nkx2-5 Cre and
Myh6:Cre mice, respectively. Because Cre is expressed from earlier stages in the cardiomyocytes of Nkx2-5 Cre mice than those of Myh6:Cre mice (Gaussin et al., 2002; Moses et al., 2001) , it is possible that the abnormalities in the earlier stages caused these phenotypes in GLP NK-delta mice. In fact, AVSD was observed in GLP NK-delta mice at E12.5 (Fig. 4) , when Cre recombination has not yet reached the maximum level in G9a MC mice (data not shown). Therefore, the loss of function of G9a should be analyzed using Nkx2-5 Cre mice in order to examine the possibilities described above. However, we expect difficulties will be encountered when performing the experiment because both of G9a and Nkx2.5 are located close to each other in chromosome 17. Our studies showed that G9a and GLP are necessary for normal cardiogenesis. It is very interesting how G9a and GLP regulate tissue morphogenesis in various tissues other than the heart, and this should be examined using various tissue specific Cre mice.
4.
Experimental procedures
Mice
GLP flox heterozygous mice (GLP +/CA ) were produced through homologous recombination in ES cells (Fig. 1 Mice were genotyped by PCR. The presence of a vaginal plug was regarded as E0.5. Experiments involving animals were performed in accordance with standard ethical guidelines for the care and use of laboratory animals (US National Institute of Health, 1985) and were approved by the Ethics Committees of Mitsubishi Kagaku Institute of Life Sciences and Tottori University.
Histology and immunostaining
For haematoxylin-eosin (HE) staining, paraffin sections were used. 3D views were obtained using DeltaViewer (free soft wear) or Amira (Visualization Science Group). For immunostaining, frozen sections and antibodies against G9a (Tachibana et al., 2005) , GLP (C-7-5, MBL), dimethyl-H3-K9 (07-441, Upstate), Nkx2-5 (sc-8697, Santa Cruz) and sarcomeric a-actin (5c5, Sigma) were used. The immunohistochemistry procedure was described in a previous study (Motoyama et al., 1997) . Secondary antibodies conjugating FITC or Cy3 were used.
Areas of atrioventricular cushion (AVC) were measured in sections using Image J (http://rsb.info.nih.gov/ij/). Because Table 3 -Primers for real-time RT-PCR.
Gene
Forward primer Reverse primer
ACAGGCGAGAAGTCGTTTC TCAAGTGTGACTGGGTTGTG the sizes of the hearts were different among embryos, the areas were standardized using the ratio of the width of ventricles. AVC volume was calculated from 15 sections using the sum of the areas and thickness of the sections. For mitotic indices, cells which showed chromosomes but neither nuclear membrane nor nucleolus were counted as mitotic cells in sections stained with HE. Cell density was determined by measuring the area of the field and counting cells in the field. More than 600 cells and 55,000 lm 2 per sAVC or iAVC in each embryo were examined as total cells and total area of the fields, respectively. TUNEL analysis was performed using a CaridoTACS TM In situ apoptosis detection kit (Trevigen) in accordance with the manufactur's protocol.
Real-time RT-PCR
Real-time RT-PCR was performed as described in a previous study (Toyoda et al., 2003) . Primers are shown in Table 3 . To standardize the amount of sample cDNA, GAPDH was used as the endogenous control.
Western blot analysis
Western blot analysis was performed as described in a previous study (Toyoda et al., 2000) . The atrioventricular cushion was removed from cardiac ventricles. Membranes to which proteins were transferred were probed with the antibodies described above.
DNA microarray
Microarray analysis was performed using total RNA from whole E13.5 ventricles from which the atrioventricular cushion was removed, and 3D-gene array (TORAY) in accordance with the manufactures' protocol.
Statistical analysis
The experimental data were analyzed using Student's t test. Tukey's multiple comparison test was also used after obtaining a significant difference with one-way analysis of variance (ANOVA) for multiple comparison tests.
